The binding stoichiometry of gene V protein from bacteriophage ft to several oligonucleotides was studied using electrospray ionization-mass spectrometry (ESI-MS). Using mild mass spectrometer interface conditions that preserve noncovalent associations in solution, gene V protein was observed as dimer ions from a 10 mM NH4OAc solution.
Protein-DNA interactions are involved in many cellular processes and thus are fundamentally important for the functioning of biological systems. The stoichiometry of binding is an important characteristic of protein-DNA interactions. Determination of binding stoichiometries can be difficult when there are mixed stoichiometries present in a sample or when molecular mass (Mr) differences between possible alternative stoichiometries are small (1). Mass spectrometry (MS) is the most accurate method for Mr measurement, and thus is potentially useful for accurate determination of protein-DNA binding stoichiometry. However, the application of MS to the direct characterization of protein-DNA complexes has been precluded due to the difficulty of transferring these complexes intact from solution into the mass spectrometer using conventional ionization methods. Electrospray ionization (ESI) allows ionization of non-volatile samples from solution and the development of this technique has greatly expanded the application of mass spectrometry in the analysis of biomolecules (2-5). Recently, a number of groups have reported observations of specific noncovalent complexes of biomolecules from solution using ESI-MS (6) (7) (8) (9) (10) (11) . These reports prompted us to investigate the application of this technique to intact protein-DNA noncovalent complexes.
We chose gene V protein from bacteriophage fl for our study due to its well characterized structure (12) (13) (14) (15) (16) and the extensive studies on the DNA binding stoichiometry and cooperatively (17) (18) (19) (20) (21) (22) . The gene V protein stabilizes singlestranded DNA (ssDNA) during phage replication, and shifts the synthesis of phage DNA from double-stranded form to single-stranded form, in the. later stage of phage infection, by preventing the synthesis of the complementary DNA strand (14, 18, 19, (23) (24) (25) ..The gene V protein also binds selectively to the 5' operator sequence of the gene II mRNA of phage fl and represses the translation of the gene II protein (26-29). The gene V protein binds to ssDNA with high affinity and cooperatively (19, 30, 31) . There are variations in the binding constants with different base sequences; the binding constants of poly(dT) are much higher than those of poly(dA), for example (32, 33) . In this paper, we report the first mass spectrometric characterization of noncovalent proteinoligonucleotide complexes formed in solution. Control experiments demonstrated the faithful transfer from solution to the gas phase by ESI, and the subsequent MS detection of intact protein-oligonucleotide noncovalent complexes under the conditions used. For the gene V protein, the accurate Mr measurement possible with mass spectrometry provides a precise measure of the binding stoichiometries with several oligonucleotides. Relative binding constants were determined through competition experiments. The ESI-MS results with a 16-mer oligonucleotide were also confirmed independently using size-exclusion chromatography.
MATERIALS AND METHODS Protein. The gene V protein from bacteriophage fl was purified as described (34) . ESI-MS measurement showed no impurities in the protein sample. The observed mass was consistent with that calculated from the DNA sequence (Mr(calc) = 9.688 kDa, Mr(obs) = 9.688 ± 0.001 kDa).
Oligonucleotides. The 16-mer oligonucleotide (I, 5'd(GTTTTTGGGGCTTTTC)-3', Mr(calc) = 4.899 kDa, Mr(obs) = 4.899 ± 0.001% kDa) purified by HPLC ion exchange chromatography, was purchased from Pharmacia. All the other oligonucleotides were purchased from Sigma and Pharmacia as sodium or a-mmonium salts. Prior to mass spectrometry experiments, the oligonucleotide samples were desalted using buffer exchange through a Microcon 3 filter (Amicon) with 10 mM NH4OAc, pH 7.0 and were diluted in the same buffer to the desired concentration (typically 100-200 ,tM). Mass Spectrometry. Two mass spectrometers were used in this work. The first was a Finnigan MAT (San Jose, CA) TSQ 7000 triple-quadrupole mass spectrometer equipped with an ESI interface. The standard ESI emitter provided by Finnigan MAT was replaced with a home-built micro-electrospray emitter optimized for low sample infusion rate (0.2-0.3 p,l/min) (35) . The mass spectrometer interface used a heated capillary for ESI droplet/ion desolvation. To preserve noncovalent complexes for detection by the mass analyzer, relatively mild interface conditions are usually necessary, and are typically achieved by the use of a capillary temperature lower than that normally employed. A SF6 gas flow was used in the negative ion mode to suppress electrical discharges. The TSQ 7000 was operated at a resolution of -1500, and the high-m/z-range mode (up to m/z 4100) was used for all the experiments.
The other instrument used was a 7-T Fourier transform ion cyclotron resonance mass spectrometer (FTICR) (IonSpec, Irvine, CA) with a modified Analytica (Branford, CT) ESI source (36) . The interface of this FTICR instrument was similar to that of the Finnigan triple quadrupole instrument; the operational parameters and conditions for observation of noncovalent complexes were also similar. Time domain data acquisition was performed with the Odyssey data system (version 4.0, Extrel FTMS, Madison, WI). The ions were injected from the external ESI source and accumulated in the FTICR cell for 0.5-2 sec in a bath gas of ca. 10-5 Torr (nitrogen), collisionally cooled and detected using chirp excitation and broad band data acquisition. The FTICR instrument provides higher resolution (better than unit m/z) than the quadrupole instrument, as well as correspondingly more accurate mass measurements.
In NH4OAc (pH 7.0). The negative electrospray ionization mode was primarily utilized for the study of oligonucleotides and the gene V complexes. The gas phase negative ions formed correspond to partial protonation of sites deprotonated in solution as typically observed for ESI-MS of oligonucleotides (4) . The prepared solutions were allowed to equilibrate for at least 10 min and were infused directly into the ESI source (0.2-0.3 ,ul/min) using a syringe pump (Harvard, South Natick, MA). Unless otherwise noted, the interface capillary was set to 110°C for the triple quadrupole and was resistively heated (31 W) for the FTICR instrument where the temperature was not monitored directly. Mass Spectrometry Control Experiments and Spectral Interpretation. We conducted a series of control experiments to demonstrate that the ESI-MS spectra under the selected experimental conditions reflected solution composition and were unaffected by possible extraneous ionization and mass spectrometric factors (10, 11) . Addition of acids (HOAc to pH 3.0-3.5) or organic solvents (Et3N/CH3CN) resulted in the complete disappearance of gene V protein dimer and proteinoligonucleotide complex ions. In the second type of control experiment, we did not observe any appreciable changes in the relative abundances of protein-oligonucleotide complexes versus the uncomplexed species when the interface capillary temperature was increased much above that normally used for the observation of other types of noncovalent complexes (duplex DNA, for example). Nevertheless, we used a low capillary temperature in this work to ensure that there was no dissociation of protein-oligonucleotide complexes during the ESI process. The validity of the ESI-MS data is further supported by the quantitative binding observed in the spectra, that is, when excess protein (oligonucleotide) was used, no free oligonucleotide (protein) was observed in the mass spectra.
Different species may show different sensitivities in ESI-MS (37, 38) . For example, the ionization efficiency for oligonucleotides is lower than that of gene V protein in the positive mode. We determined protein-oligonucleotide binding stoichiometry based on a qualitative evaluation of the relative abundance of complexes of different stoichiometry for which similar ionization efficiencies are expected. Similarly, the relative binding constants are derived from the relative abundances of ions of very similar composition (between 2:1 complexes of gene V protein with oligonucleotides of similar lengths, for example).
RESULTS
Observation of Gene V Protein Dimers from ESI-MS. Gene V protein is known to exist predominantly as a dimer under physiological conditions (30) with a tight association constant (Kd 10-12 M) (34) . In our ESI-MS studies, the gene V protein sample from bacteriophage fl gave predominantly dimeric ions from 10 mM NH40Ac (pH 7.0) under both positive and negative ionization modes ( Fig. la shows a negative ion spectrum). We also did not observe clusters of the gene V protein with any other stoichiometry, indicating the absence of contributions from nonspecific associations under the selected solution and instrumental conditions. When ionized at low pH (50 mM HOAc, pH 3.0) under otherwise similar conditions only the monomeric species was observed (Fig. lb) , which is consistent with acid induced denaturation of the protein (34) . These observations established that 10 mM NH40Ac (pH 7.0) solution was conducive for the preservation of the noncovalent gene V protein dimer from ESI-MS and, unless otherwise noted, this solution was used in all the subsequent protein-oligonucleotide binding studies.
Complexes of Gene V Protein with Oligonucleotides. We studied binding of gene V protein to several small oligonucleotides using ESI-MS. The observed binding stoichiometries are summarized in Table 1 and measured Mr are given in Table   Table 1 2 for selected species.
Gene V Complex with a 16-mer Oligonucleotide. The 16-mer oligonucleotide (I) encodes an analog of the operator sequence of the gene II mRNA. Gene V protein binds to this sequence particularly tightly (26-29). In a 10 mM NH4OAc solution, I by itself predominantly gave quadruplex ions in the ESI-MS spectra (data not shown). Intact quadruplexes have been previously studied by ESI-MS (41), and the GGGG at the middle of the sequence has been suggested to be responsible for the formation of the quadruplex (42) . The oligonucleotide was denatured by heating at 80°C for 5 min followed by quick cooling and the resultant ESI-MS spectrum showed only monomeric ions (Fig. 2a ). The heat-treated oligonucleotide formed complexes with gene V protein that were observable by ESI-MS. Fig. 2 b-d show spectra obtained from mixtures of gene V protein and I at different molar ratios and the results suggest that I forms complexes with gene V protein with predominantly 4:1 (protein monomer:oligonucleotide) stoichiometry. There is a small amount of the 2:1 complex evident when the oligonucleotide is in excess of a molar ratio of 4:1. The binding stoichiometry of I was investigated independently using size-exclusion chromatography using a Sephacryl S-200 column (Fig. 3) . The complex appeared at nearly the same elution volume (74.6 ml) as the 43 kDa ovalbumin standard (73.4 ml), indicating a binding stoichiometry of 4:1 (the calculated Mr of this complex is 43.7 kDa (Table 2) lThe Mr measurement utilized a commercial deconvolution program that calculates the molecular mass based on observed m/z values of multiply-charged ions (4, 39) . For the FTICR, the Mr were calculated based on ion charge states that were directly measured from resolved 13C isotope peaks (36, 40) (with the exception of the (4:1) complexes, whose isotope peaks were not resolved and the Mr was determined by deconvolution). incubated with gene V protein, different binding stoichiometries were observed for each of the oligonucleotides. With a gene V protein monomer:total oligonucleotide molar ratio of 1:1, d(pT)18 predominantly gave 4:1 complex while d(pT)13, and d(pT)15 predominantly gave 2:1 complexes (Fig. 4a ). With a gene V protein monomer:total oligonucleotide molar ratio of 2:1, d(pT)13 still formed a 2:1 complex while d(pT)1s, and d(pT)18 formed 4:1 complexes (Fig. 4b) . Thus the predominant stoichiometry of gene V protein binding is 4:1 for d(pT)18, and 2:1 for d(pT)13, while d(pT)15 assumes a variable stoichiometry of 4:1 and 2:1 depending on the oligonucleotide concentration relative to that of the protein (as observed above).
Gene V Protein Binding with a Mixture of d(pT)13 and d(pA)14. An equimolar mixture of d(pT)13 and d(pA)14 was prepared to study binding selectivity. The two oligonucleotides showed striking difference in gene V protein binding affinity (Fig. Sa) . This result is consistent with the reported difference of more than two orders of magnitude in gene V protein binding affinity between poly(dA) and poly(dT) (32, 33) , and serves as further proof that the ESI-MS spectra obtained under the conditions of this work reflect solution specific associations. Since the two oligonucleotides have complementary the oligonucleotide I alone (12.5 ,uM) had an elution volume of 89 ml. sequences they can form a duplex in solution with stability dependent upon temperature and ionic strength. Consistent with this we observed substantial abundances for heterodimeric species (but not for homodimeric species), especially under conditions of low capillary heating and high concentration of NH4OAc (Fig. 5a ). No complexes of the double-stranded DNA (dsDNA) with gene V protein were present in the ESI-MS spectrum, consistent with the preference of gene V protein in binding to ssDNA over dsDNA (19) . The difference in binding affinities of gene V protein to d(pT)13 and d(pA)14 remained unchanged when the concentration of the NH4OAc was changed from 10 mM to 50 mM. When examined with gene V protein in the absence of p(dT)13, d(pA)14 readily formed a complex with gene V protein (data not shown). We were also able to estimate the relative gene V protein binding affinities to d(pT) 13 competition experiment. As shown in Fig. Sb , an abundance ratio of (2:1)T13/(2:1)A14 = 8 was observed from a solution containing d(pT)13 and d(pA)14 in a molar ratio of 2:100, giving a ratio of gene V protein binding constant Kd(Al4)/Kd(T13) of =400. This strong preference for complex formation with d(pT)13 represents a qualitative estimate due to possible formation of dsDNA that would further skew the solution concentration of free oligonucleotides in favor of d(pA)14.
Some dimeric ions of d(pA)14 were observed at higher concentrations (Fig. Sb) . The origin of these dimeric ions has not been investigated further in this work.
DISCUSSION
Since this work represents the first report of the direct characterization of protein-DNA complexes using mass spectrometry some discussion of the validity of the methods is necessary. We describe several control experiments in Materials and Methods showing that the observed proteinoligonucleotide complex ions were dependent upon solution conditions and were unaffected by the capillary heating. Additional evidence supporting the validity of the ESI-MS results includes: (i) the striking difference in gene V protein affinity between p(dT)13 and d(pA)14 and the consistency of this result with previous data for poly(dT) and poly(dA) (refs. 32, 33; Fig. 5 a and b) ; (ii) the preference of gene V protein in binding to ssDNA over dsDNA (Fig. 5a ); and (iii) the fact that a 4:1 complex was observed as the predominant stoichiometry for several oligonucleotides while no protein tetramer was observed from the protein sample. These observations directly reflect known solution behavior and serve to confirm that the observed complexes in the gas phase do not arise from simple electrostatic interactions (which might be preferentially stabilized in the gas phase) for which little difference would be expected for oligonucleotides of different sequence or between ssDNA and dsDNA. Recent results have indicated that ESI-MS should be quite broadly applicable to the study of the noncovalent complexes of biopolymers; a correspondence with known solution stoichiometry has been reported for tetrameric proteins (11), oligonucleotide duplexes (43) and quadruplexes (41), and duplex-drug complexes (44) . Available results indi-cate that the stability of noncovalent complexes in the ESI process is greatest when there is a significant electrostatic component to binding; The present observation that the very mild ESI-MS interface conditions, often necessary for the study of other complexes (10), were not required is consistent with the substantial electrostatic component of DNA-protein binding. Thus, when viewed in the context of observations for other noncovalent complexes, the present results suggest that ESI-MS should be broadly applicable for the study of protein-DNA associations.
Previous studies have suggested that the gene V protein-DNA complex has a stoichiometry in which each protein monomer binds to 3-5 nt (17) (18) (19) (20) (21) (22) . What was not clear from those studies was whether each one of these stoichiometries reflects truly one complex of specific ratio or an average of stoichiometries. Here we show the direct observation of gene V protein-oligonucleotide complexes using mass spectrometry. The accurate Mr measurement possible permitted the precise determination of binding stoichiometry for a series of oligonucleotides and showed a transition from 2:1 to 4:1 stoichiometry at around 15 nt. In complexes with phage DNA in vivo, gene V dimers form a superhelical structure (12, 14) . Within the superhelix, each protein dimer is believed to bind, with its two-fold symmetry, to the same strand of a long DNA going in opposite directions (16) . Thus, the DNA must wrap back at the ends of the complex. Size-exclusion chromatography and mass spectrometry experiments established that the 16-mer oligonucleotide forms 4:1 complexes with gene V, suggesting that the 16-mer is long enough to fold back and to interact with all the four DNA binding sites in the protein dimer of dimers (16) . Furthermore, results of our studies with a series of oligonucleotides of 13-18 nt size suggest that under low ionic strength (10-50 mM NH40Ac), the minimum length for the wrap-back is about 15 nt.
In conclusion, intact complexes of the gene V protein dimer with a series of oligonucleotides have been detected using ESI-MS. The accurate mass determination provides a precise measure of binding stoichiometry and the high mass resolution permits the characterization of mixture components. Based upon experience with multimeric proteins, complexes of at least 100 kDa should be amenable to study, although the use of large concentrations of nonvolatile buffer constituents can greatly limit this capability (most useful are volatile buffers such as ammonium acetate and bicarbonate where concentrations of at least 100 mM are practical). These and other capabilities of mass spectrometry (such as structural characterization through gas phase dissociation) and its high sensitivity promise a wide range of important applications of ESI-MS in the characterization of protein-DNA interactions.
Note Added in Proof. After the submission of this manuscript, a study on the measurement of binding constants of oligonucleotides with albumin using ESI-MS was published (45) . 
